Abstract. Our model of meteor shower forecasting (described in Paper I) is applied to the Leonid shower. This model is based on the "dirty snowball" model of comets, and on heavy numerical simulation of the generation and evolution of meteoroid streams. The amount of dust emitted by comet 55P/Tempel-Tuttle is computed. A statistical weight is associated to each simulated particle. This weight represents the real amount of meteoroids released by the comet. Particles close to the Earth are examined. There is no unique set of initial conditions (velocity and angle of ejection) for them to reach the Earth at the time of the shower. The shape of the metoroid stream projected on the ecliptic is not elliptical, due to non-gravitational forces and ejection processes. The mixing of particles is revealed to be very efficient. A comparison between observations and predictions of Leonid meteor showers is done. The time of maximum is found to be very accurate, except for certain years (1999 in particular). This problem is common to all models. The level of the predicted shower is obtained through a fit of the size distribution index s = 2.4 ± 0.1. This model provides a unique opportunity to derive cometary parameters from meteor shower observations. Leonid meteor shower forecasts are provided for years up to 2100. The next storm is expected in 2034.
Introduction
A meteor storm is a very rare event, and is a unique opportunity to study several aspects of meteors (altitude, light curve, spectroscopy, link with comets, orbit etc. See e.g. Jenniskens 2002b ). Such a phenomenon occurs when the Earth collides with a meteoroid stream (Kresak 1993) . The difficulty of forecasting of meteor storm comes, among other parameters, from the difficulty of observing meteoroid stream. Sykes et al. (1986) were the first to directly detect a meteoroid stream.
Several methods were developed to predict Leonid meteor storms. The evolution of the meteor stream ejected by the parent body comet 55P/Tempel-Tuttle was done by Williams (1997) , and the Leonid meteor storm were first correctly predicted by McNaught & Asher (1999) . The number of meteors impacting the Earth has also been studied by Lyytinen & Van Flandern (2000) and Lyytinen et al. (2001) . Complete observations were done by the Leonid MAC Campaigns (Murray et al. 1999; Gural & Jenniskens 2000; Jenninskens 2001 Jenninskens , 2002a and IMO Arlt & Gyssens 2000; Arlt et al. 2001 Arlt et al. , 2002 . However, none of these models take into account the photometry information of the parent body. This paper is the application of a new method of meteor shower forecasting (described in Vaubaillon et al., Paper I) . This method is based on a numerical simulation of the formation and evolution of meteoroid streams, coupled with information deduced from photometric observations of the parent body. We performed a link between real and simulated meteoroids, in order to compute a real particle density in the neighbourhood of the Earth at the time of the maximum of a shower. Paper I described the general method to compute the real number of particles ejected by the comet and the statistical weight set to each simulated meteoroid. This paper is the application of this method to the Leonid meteor showers. Preliminary results were shown (Vaubaillon & Colas 2002; Vaubaillon 2002; Vaubaillon et al. , 2004 , but here we publish the complete results of our approach and Leonid forecastings for the coming 100 years.
In Sect. 1 we present how the simulation is run and the application of our model to comet 55P/Tempel-Tuttle. Then we provide a statistical analysis of the results (Sect. 2) and a comparison between predictions and observations (Sect. 3). A discussion follows in Sect. 4. Hainaut et al. (1998) , m H from Beech et al. (2001) and [A f ρ] from Lamy et al. (1998) . Q H 2 O (q) is deduced from m H thanks to Jorda et al. (1992) 's formula, and f from Crifo & Rodionov (1997) 1. Simulating a meteoroid stream
Model and hypotheses
Our goal is to simulate the formation and evolution of a meteoroid stream in order to derive ephemerides of meteor showers. The physical model supposed to represent the processes has to be as complete as possible. It has to take into account the initial conditions and the dynamics of a meteoroid in the Solar System. The complete list of hypotheses considered here was provided in Paper I. However, we recall here those relevant for this paper. We will hereafter consider that:
1. meteoroids are ejected by a cometary parent body; 2. the comet emits meteoroids while its heliocentric distance is less than 3 ua; 3. the ejection is done in the sunlit hemisphere; 4. the ejection velocity is given by Crifo & Rodionov (1997) 's model; 5. the dust particles are spherical, homogeneous, of density ρ g = 2000 kg m −3 ; 6. the particles giving meteors have radii greater than 0.1 mm (Hughes 1995) ; 7. their size distribution follows a power law, of index s; 8. their orbits are controled by the gravity of the Sun and planets of the solar system, and by non-gravitational forces such as radiation pressure, Poynting-Robertson drag and Yarkovky's effect 1 .
Features of the parent body
To use the photometric information of the comet, we reproduce in Table 1 some parameters measured on 55P/Tempel-Tuttle. Table 2 summarizes the values of all useful parameters deduced from our calculations (see Paper I), when applied to comet 55P/Tempel-Tuttle.
The f (q) parameter differs by an order of magnitude compared to the one provided by Beech et al. (2001) , but is reasonable and our method is more complete. We stress the importance of the s factor in these data (see Paper I). Indeed, a change of s will cause a change in all dust production parameters. We will discuss the relevance of this parameter in Sect. 3. Sometimes the cumulative mass distribution index (b or s mc ) is measured on comae (Fulle et al. 2000) . There is also a population index for meteors (r). We refer the reader to Paper I, Appendix C for the relationship between these different indices and the numerical applications. Extreme values of r were reached in 1998 and 2002 (Brown & Arlt 1998; Arlt et al. 2002) . Numerical values provided in Table 2 assume that each index is constant during a single meteor shower. Some variations may occur, as discovered by Jenninskens (2001) .
We find in Table 2 -total dust mass ejected by 55P/Tempel-Tuttle: 2.6 ± 0.7 × 10 10 kg; -total gas mass ejected by comète 55P/Tempel-Tuttle: 1.1 ± 0.7 × 10 10 kg; -dust to gas mass ratio: 2.4 ± 1.7.
In a later work (Jenniskens 2002a ) these values were revised, but the order of magnitude remains identical.
The major of mass ejected is carried by large particles, and is the reason why tiny particles play a small role in computing R. A decreasing size index will increase this ratio: it goes to 3.6 if s = 2.2.
As partices are ejected on a cometary arc of the orbit (assumptions 1-3), the position -velocity of the parent body has to be computed. This ephemeris is done by considering the gravitational influence of all the planets of the solar system, as well as non-gravitational forces. The non-gravitational parameters (Marsden 1969) for each perihelion return were provided by P. Rocher (IMCCE, personal communication) .
The JPL planetary model DE406 was used and the cometary ephemeris is saved each Julian day of the outgasing process. In total, 29 perihelion returns of comet 55P were taken into account. The dates of perihelion passages are from 1300 to 1998, from 604 to 802 AD, and 1001. The choice of these returns is motivated by the fact that meteor storms are caused by young trails (McNaught & Asher 1999 ), and we also wished to examine the behaviour of trails ejected more than a millenium ago. The 1001 return is an intermediate between these 2 cases.
Integration of particles
The initial conditions of meteoroids are given by the cometary ephemerides and the ejection velocity, provided by the Crifo & Rodionov (1997) model (see Paper I for further details). Planetary ephemerides are also given by the DE406 model, and non-gravitational forces are taken into account (assumption 8, see Paper I, Fig. 2 for further details). The algorithm used here is a 15th order Radau (Everhart 1985) .
There are more small particles than large one (assumption 7). The amount of dust emitted by a comet during one perihelion return is so large that is it impossible to simulate. 4 particles were simulated in each bin, for a total of 7 × 10 6 simulated particles. The simulations were run on 10 to 50 parallelized processors at CINES (Montpellier, France). This parallelized work was motivated by the fact that a single numerical integration (one perihelion return and one size bin) lasts several hours to several days on a mono-processor computer. In all, the simulation would have taken almost a year, but was reduced to a week by the parallelisation.
Following the work of Göckel & Jehn (2000) we define a first space criterion (see Paper I) to select the nodes of meteoroids that are close to the Earth, hereafter called Near Earth Meteoroids (NEM). This space criterion corresponds to a time criterion ∆T 0.002 yr, at Earth-Leonid relative velocity. This method allows us to perform meteor storm predictions without any previous knowledge of the date of annual showers. As seen in Paper 1, these NEM do not necessary collide with the Earth, and we were forced to use a second space criterion δx to select those meteoroids considered as impacting the planet. The second space criterion corresponds to a time criterion δt = 1 h, at Earth orbital speed.
We first examine the features of particles selected by the first criterion.
Analysis of impacting particles
In this section we analyse the results of the first space criterion, and discuss the features of NEM. We will focus here on the 1866 trail, as it is representative of a "young" trail, and shows many interesting features. Preliminary results have already been presented (Vaubaillon & Colas 2002; ), but we show here all the results in detail. Figure 1 shows the nodes of 3 size bins of NEM, ejected during the 1866 return of the comet, in 1998, 1999 and 2001. The images are similar to Wu & Williams (1993) . The ejection velocity is shown as a function of time of ejection.
Feature of ejection velocity
From this figure, we can see that:
-There is an efficient mix of particles in the encountered shower, due to the ejection velocity and non-gravitational effects. -The shape of the projection of the trail on the ecliptic is not elliptical, as shown by Asher (2000) . It is similar to data of McNaught & Asher (1999) : from the center, the spatial density of meteoroids decreases faster in the solar direction than in the opposite direction, because of nongravitational forces (especially the radiation pressure). This is why McNaught & Asher (1999) defined a ZHR model as a function of the sign of r E − r D . We want to avoid such a dependance in the calculation of the ZHR value; this is the role of the second space criterion (see Paper I). -The width of the stream does not vary much from one year to another. -Large particles are concentrated in the "head" of the stream, as a consequence of low ejection velocity and low efficiency of radiation pressure. -The required ejection velocity increases with time, rising from 7 m s −1 to 15 m s −1 . This is normal since low velocity particles stay in the vicinity of the nucleus. -The scatter of the velocity value decreases when mass increases. This effect was not expected and shows that there is not a unique solution. -Particles are preferably ejected at high heliocentric distances, where the ejection velocity is lower than at perihelion. But this effect disappears with time. For particles close to the comet (years 1998-1999) , there is clearly a gap in low velocities at perihelion. This is understandable in the Keplerian case: a high ejection velocity is required to dramaticaly change the node of a particle. This is especially true for the Leonids because the perihelion and descending nodes are very close. -A high ejection velocity is required to move large particles unto orbits different from that of the parent body. Thus large meteoroids selected a few years after the comet return were emitted close to perihelion.
Feature of angles of ejection
Angles of ejection from a subsolar point at the time of ejection, in (a) and perpendicular to (b) the cometary orbital plane are chosen to equally cover the sunlit hemisphere (assumption 3). For both angles we observe the relaxing of constraints with time. The distributions tend to flatten, reflecting the mixing of particles in the section of the streamfar from the comet.
In the orbital plane, we can observe that:
-There is clearly a gap of negative angles for small particles around perihelion. This is understandable as small particles are very sensitive to the ejection process, and the cometary node is inside the Earth's orbit. Such particles cannot reach the Earth if ejected in the "wrong" direction. Note that the node itself can change, according to the direction of ejection.
-Large particles that are less sensitive to ejection (lower relative speed) however suffer from the selection process. The gaps are not the same as small ones. This again comes from the mixing of different populations, due to differences in orbital period. -If the 1866 stream well represents the other ones, the particularities underlined here always appear, but at different times. This reflects the stream composition along the cometary orbit. -The rotation of the cometary nucleus is fast compared to its orbital period. Thus any equatorial jet effect is quickly averaged and then becomes impossible to recognize here.
In the direction perpendicular to cometary orbital plane:
-There is no selection as to which side particles are ejected.
-There are fewer constraints than for the angle in the orbital plane. -When contraints exist, ejections in the plane are prefered.
High values of b are absent for small particles ejected before perihelion. -Large particles are preferably ejected in the plane for the years the farer from the perihelion return. But this also reflects the fact that a high ejection velocity is required. -Here again there can be a time decay for other streams resulting in such features. -The three images of Fig. 3 show the angles of ejection of selected particles that the Earth encounters successively. This corresponds, on the images of Fig. 1 representing the nodes of meteoroids, to particles located right, center and left of the cloud. We see a strong selection here, because of the geometry of the ejection. The central part of the stream is filled with particles preferentially ejected in the plane. This is not true for those ejected near perihelion.
These results show that during a meteor shower, the Earth samples different kinds of particles, from directions of ejection.
We now compute the date of maximum of the shower and ZHR values, and compare them with observations.
Comparison between predictions and observations
For this comparison we uses two sources of observations: the results provided by IMO Arlt & Gyssens 2000; Arlt et al. 2001 Arlt et al. , 2002 and those by the Leonid MAC missions (Jenniskens 2002a ).
Time of maximum
As we saw in Paper I, the time of maximum is computed as the median position of the nodes. Table 3 provides the comparison between calculations and observations done by IMO.
We can see a good agreement, with a difference of several to a few tens of minutes.
The greatest differences are found for years 1999 and 2000, and are also found in other works. This led us to ask if another still-unknown stream had been encountered (Vaubaillon & Colas 2002 ), but without a definite answer.
The year 2000 is particular in the way that the maximum difference is recorded. Note that the 1333 stream encounter is only mentioned in this work. Observers report a plateau in the activity, which lasted about one hour, centered on the time mentioned in Table 3 . That is why the time of maximum is not well constrained. Note that two other streams should be observable: the one of 1333 and 1767. However, adding the 1333 stream tends to make the maximum later, instead of earlier. These two streams were also supposed to have a small contribution. As a consequence the different contributions of these two streams to the shower were hard to detect.
It is interesting to stress again the differences between models. Lyytinen et al. (2001) did not consider any ejection velocity process, but took into account the Yarkovsky's force for all particles. As their and our results agree about the time of maximum we can suppose that the true case lies between the two.
ZHR computation
All meteor forecasting methods are based on observations used to fit a model. In theory, our apporach does not need such a fit (reflecting the strength of this approach). However, since all cometary parameters are not totally known, we also have to take into account the past showers in our predictions. But the only parameter fitted here is s, by minimising the χ 2 . As this parameter is the most critical, there is no need to fit other parameters. In this way we obtain some information about the population index of the cometary dust by observing meteor showers. This makes this work unique compared to other methods. Figure 4 shows our results.
In the ideal case, all the points are situated on the line (equality between computation and observations). The points below the line under-estimate the level, and inversely for the points above.
The fit is correct for recent observations (that is, since 1998), with differences of a few hundreds of meteors for ZHR. However, we often took into account the contribution of several streams at the same time. It happened that several clouds overlap, as seen in the Pi-Puppids case (Vaubaillon & Colas 2005) . It is then hard to separate each component (Uchiyama 2002) . In particular we mention the non-negligeable contribution of the 1932 stream to the 1999 shower, which was not noticed before. For historical observations, the agreement is good for the year 1833, but not for 1866 and 1966. However the fit has not been done from observations themselves (ZHR = 50 000, Brown 1999), but from values deduced by Jenniskens (2002a) . This choice comes from the uncertainties in the reported values. Such high ZHR led McNaught & Asher (1999) to overestimate the Leonid storms.
We have also found that some very old streams have contributed to the 1833 shower. Table 4 gives each contribution.
It is encouraging to find a s value compatible with cometary observations. Fulle et al. (2000) measured s = 2.6, and literature gives similar values, often between 2.5 and 3.5, but these values are computed for smaller dust size, i.e. corresponding to those scattering the visible wavelength and observed in cometary dust tails. Campbell- Brown & Koschny (2004) working on the ablation process of meteoroids developed a fragmentation model. In this model particles are composed of grains maintained together by a "glue". They tried a power law distribution of the grains, and found values up to 2.4. However this distribution does not represent exactly the same quantity as here, since it deals with the internal structure of the meteoroids.
Our fit giving s = 2.4 ± 0.1 is satisfactory. However the meteor population index is not always equal to r = 1.6 (see Paper I, Appendix C). We recall that ejection processes and non-gravitational forces efficiently mix the particles. The same stream giving rise to several storms does not always show the same r value. The best example is the 1866 stream, which revealed a high value in 2002 (r = 2.9), whereas this was not the case in 2000 (r = 2.05) (Arlt & Gyssens 2000; Arlt et al. 2002) .
The 1998 shower
The 1998 shower is famous for many reasons. First because of the 16 hour difference between predictions and observations . Second, the explanation of the phenomenon has several versions. Asher et al. (1999) determined that the 1333 stream only was responsible for the shower. Later, Brown & Arlt (2000) proposed that it was caused by several stream from the XIVth centuary. Lyytinen (1999) saw the influence of the 801 stream.
We have examined the problem, performing the simulations of old streams: 602 to 802. The cometary orbit somewhat differs from that taken by Lyytinen (1999) , because the perihelion return was not exactly the same. This is due to some differences in the computation of the cometary orbit on relatively long time scales (a millenium). We see here a limit to many (if not all) models: the cometary orbit does not allow one to perform accurate predictions after a long time, unless there are some reported observations (see also Sect. 4).
Our results suggest a major contribution of the 1300 and 1333 streams (ZHR of about 260). Follows the contributions of the 636 and 1433 ones. Finally the 702, 802 and 1400 streams are found to have a small contribution . It is important to consider many particles in the stream: a better sampling of the stream assures more accurate results (see also Brown & Arlt 2000) .
Having done a fast computation with very small particle (radius between 0.05 and 0.1 mm), we did not find any intersecton with the Earth orbit in 1998, unlike Ma et al. (2001) have suggested from radar observations. Thus this is still an open question.
The 1998 shower could have been far more active if the Earth had entered the center of a young stream, as in 1833. Table 5 gives Leonid forecasts from 2003 to 2100. The streams taken into account here are those in the period 1333 to 1998, and a few older ones (602 to 802). These last ones were added as test of the contribution of old streams.
Leonids beyond 2002
We note in this table the abscence of a shower in 2007, from the 1932 stream, unlike Lyytinen & Van Flandern (2000) . In our simulations the whole stream will have already passed perihelion. This will be a good occasion to compare the different models.
Several showers appear here that have never been noticed before. One of these shower occurs in, 2009, i.e. eleven years after the comet return. The same charateristic is observed in 2043. The last major Leonid shower for the coming years is 2011. After that, only the annual component will be observable until the comet's return.
The most promising year will be 2034, with 4 encounters with relatively young streams giving rise to storms.
The 2069 shower is particular because the encountered stream (636) is highly perturbed by planets. It extends in the direction perpendicular to the cometary orbit. The 2069 shower is expected to last 24 hours, but the ZHR value for such a perturbed stream is very low.
2066 and 2098 will produce fewer showers.
Discussion

Strength of the model
The strength of the model is that no assumption of the ZHR profile or radial density of the stream was made. All the assumptions of the cometary model are constrained by observations of the coma, via the [A f ρ] parameter. The evolution of the meteoroid streams does not assume any specific acceleration at specific points of the orbit, like perihelion. The ejection velocity is taken from one of the latest and most complete hydrodynamical models (Crifo & Rodionov 1997) .
The determination of the encountered profile of the shower is possible, but requires further investigation. The number of encountered particles must be sufficient to compute a density at several points of the trajectory of the Earth.
The time of the showers is well constrained and in accordance with observations. The level of the showers is more uncertain, but still remains within 20 percent of the observed value range.
This method allows us to estimate the size distribution of cometary dust, based on meteor shower observation. Usually this distribution is computed on the base of comae observations. Figure 1 shows that if a stream is far outside the Earth's orbit, the second space criterion will cause an undersampling of the cloud. The calculation of the spatial density becomes then unreliable.
Limitations of the model
Forecasts are sensitive to the size distribution index s, considered constant over the whole size range. In reality this may be more complicated.
We also have assumed that the comet outgasing process is always the same. We know that a comet can change from a return to another. 55P/Tempel-Tuttle is a faint comet, that has not been well observed. Further observations during the next return of the comet, in about 30 years may help clarify this issue. Figure 1 representing descending nodes of selected particles shows that the stream extends in a direction perpendicular to the cometary orbital plane. Observations show that the peaks are not that wide. On the other hand the 2001 shower had a very high continuous component. This suggests a very complicated structure of the streams. Some investigations in this field were done by Jenniskens (2002a) and are still ongoing.
Finally, the cometary features can vary from one return to another, like comet 2P/Encke for example. Such a refinement is not yet included in the model, but can easily be added.
Conclusion
Meteor shower predictions give satisfactory results. Time of maxima based on the median position of the nodes give an accuracy of a few minutes to a few tens of minutes in less favorable cases. These results are in good agreemeent with those done by McNaught & Asher (1999) and Lyytinen et al. (2001) . In the case of very old streams that extend widely, a selection of particles is necessary. However, our results suggest a wider shower than observed.
Predictions of the level of the shower based on the photometry of the parent body give satisfactory results. We were able to reproduce the observations of past years. Historical observations give contradictory results, but the real ZHRs are hard to define. In particular we note the good agreement between our results and Jenniskens (2002a)'s work about the 1833 storm. The ratio between reported observations and predictions for this year is about 5. Generally, results give far lower values for historical showers than reported or previously computed.
By fitting the size distributon index s, we were able to provide Leonid shower ephemerides until 2100. Next storms are expected in 2034 and 2035.
The advantage of this approach is that it allows us to only fit one parameter, s. The value found here is consistant with observations of comets. However this fit is global and does not take into account the variation of activity of the comet. These are difficult to estimate unless the comet is often observed, which is not the case of 55P/Tempel-Tuttle.
